Tunnel stability analysis is a geotechnical engineering problem characterized by many sources of uncertainty. In such cases, rock and soil characteristics could not be defined by deterministic values and probabilistic technique would be as a suitable alternative. Naien water transporting tunnel is a circular tunnel with 6 m in diameter which is being excavated in such conditions and it is almost impossible to analyze the tunnel stability deterministically. To use probabilistic analysis, the best fitted distributions to rock mass characteristics were first obtained. Using Monte-Carlo simulation method and considering four support systems, the distribution of factor of safety was obtained for each support system. To select the best support system, TOPSIS multi-attribute decision-making method was used by considering five criteria for each support system ( as alternatives) including: probability of failure (using probabilistic method), factor of safety (using deterministic method), maximum displacement, cost and factor of applicability. The results of this research emphasize that the deterministic or probabilistic alternatives could not be separated by such comprehensive technique for stability analysis and should be interpreted together. At last, using such TOPSIS application associated with stability analysis techniques can assist the engineers to effectively evaluate the support system alternatives for a tunneling project.
INTRODUCTION
Uncertainty and variability are inevitable in engineering activities dealing with natural materials. This prevails because rocks and soils are inherently heterogeneous, insufficient amount of information for site conditions are available and the understanding of failure mechanisms is incomplete. Therefore, many early efforts have been made to limit or quantify uncertainty of input data and analysis results (Park and West, 2001 : Einstein and Baecher, 1983 : Whitman, 1984 . From this point of view, the techniques of stability analysis have been divided into two categories namely: deterministic and probabilistic. A deterministic analysis simply means that all input variables are assumed to be exactly known. A unique *Corresponding author. E-mail: ataei@shahroodut.ac.ir.
factor of safety (S.F) for the excavation is calculated in a deterministic analysis.
A probabilistic analysis results in a distribution of factor of safety, rather than a single value. From a safety factor distribution, a probability of failure can be calculated. The probability of failure in probabilistic stability analysis is simply the number of analyses with safety factor less than 1, divided by the total number of analyses generated by the probabilistic analysis and simulation method. For example, if 100 out of 1000 samples in a probabilistic analysis resulted in a factor of safety less than 1, then the probability of failure would be 10%. Mathematically speaking, the probability of failure is the area under the factor of safety probability distribution to the left of factor of safety = 1 divided by the total area under the curve, illustrated as black area in Figure 1 . The deterministic approach is conventional but the probabilistic method is recently being used extensively in different engineering applications. Because, a lot of engineering experiences and observations proved that the deterministic analysis can not reflect the stability conditions of excavation adequately. For example, there were many engineering constructions with factor of safety >1 in engineering history but they collapsed. For this reason, the probabilistic analysis is going to be a frequently-used technique in the literature. Panthi and Nilsen (2006) used a probabilistic approach for uncertainty analysis that focuses on the effect of the variations in each input parameter of squeezing is used for analyzing and predicting the extent of tunnel squeezing for two tunnel cases in Nepal. Gokceoglu et al. (2000) produced probabilistic risk maps for planar, toppling and wedge failures for slopes using the kinematic rules and digital elevation model. Scavia et al. (1990) studied probabilistic stability analysis of block toppling failure in rock slopes. Leung and Quek (1996) researched about probabilistic stability analysis of excavations in jointed rock. Miller (1984) proposed a probabilistic analysis of bench stability for use in designing open pit mine slopes. Young (1993) developed a method to estimate the localized probability of slope failure for open pit slopes in fractured rock masses by combining geostatistical modeling techniques with key block analysis. Tyler et al. (1991) employed a probabilistic method for predicting the formation of key blocks in South Crofty tin mine. Tyler and Trueman (1993) conducted a study of probabilistic key-block analysis for support design and effects of mining-induced stress on key-block stability. Stacey and Bartlett (1992) evaluated ore pass stability and support using probabilistic method. Young (1992, 1990) analyzed keyblock failures by using probabilistic and deterministic analysis. Gang et al. (1997) employed the first-order second-moment approximation of the failure probabilities for probabilistic analysis of underground excavation stability. All these applications indicate that the deterministic description of rock excavation stability with a safety factor is frequently insufficient and, sometimes, misleading and the probabilistic analysis will lead to a better understanding of excavation stability and provide more complete information.
MATERIALS AND METHODS

Data measurement and site description
Naien water transporting tunnel is located nearby Naien town, Iran. It is a circular tunnel with 6 m in diameter which is being excavated in weak rocks or on the other hand is constructed in soil. To measure and calculate the rock and soil characteristics, the tunnel was divided into 33 intervals in which the properties of rock mass were not approximately variable. Based on variability of rock and soil features, for each interval two or one representative observation was measured and then averaged. The averaged values were considered. The data of the characteristics of observation locations and rock mass are given in Table 1. In this   table cm σ , E, φ , ν and C are uniaxial compressive strength, Young's modulus, friction angle and Poisson ratio and cohesion of rock mass, respectively.
Obviously, the data of Table 1 show that the tunnel is excavated in weak rocks. The statistical summary of the parameters are given in Table 2 .
Support design techniques
Although there are no clearly defined rules for tunnel support and lining design at the present time, three general methods have emerged over recent years shown in Figure 2 . Closed form solution methods are based upon the calculation of the extent of plastic failure in the rock mass surrounding an advancing tunnel, and the support pressures required to control the extent of the plastic zone and the resulting tunnel deformation. In a numerical analysis, the progressive failure of the rock mass surrounding an advancing tunnel and of the interaction of temporary support and final lining with this failing rock mass is analyzed. Empirical methods have been based upon observations of tunnel deformation and the control of this deformation by the installation of various support measures.
Each of these methods has advantages and disadvantages, and the optimum solution for a given tunnel design, may involve a combination of different methods, at different stages of the design. The method used in this paper belongs to the first category of solution methods, that is, rock-support interaction or convergenceconfinement methods.
Rock-support interaction
Tunneling in weak rock mass presents many difficulties for design engineers. Firstly compared to massive and relatively intact rock masses, weak rock masses contain large quantities of rock structure that instigate weakness.
To understand instability in tunnels, the analysis of rock mass behavior (not limited to weak rock) and deformation response to excavation must first be conducted. As shown in Figure 3 deformation of the rock mass begins approximately 0.5D (D is the tunnel diameter) in front of the excavation face and reaches its maximum value of approximately 1.5D behind it (assuming σh =σv, hydrostatic in-situ stress). This deformation may lead to instability (Hoek, 1998) .
It is important to note that even for an unsupported tunnel; the tunnel face provides an apparent support pressure. It is this apparent support pressure that provides the stability to give sufficient stand-up time for the actual support to be installed.
The most important concept in rock-support interaction analysis is the ground reaction curve or characteristic line, which relates internal support pressure to tunnel wall convergence.
In a circular tunnel of radius r0 is subjected to hydrostatic in-situ stress po and a uniform internal support pressure pi, as illustrated in Figure 4 the failure of the rock mass surrounding the tunnel occurs when the internal pressure provided by the tunnel lining is less than a critical support pressure pcr, given by:
Where po is the in-situ stress, σcm is the uniaxial compressive strength of the rock mass, k is the slope of 1 
Also, k could be calculated by:
Where φ is the friction angle.
If pi > pcr, the behavior of the rock mass surrounding the tunnel is elastic. The inward radial elastic displacement of the tunnel wall is given by:
Where po, pi, r0, E and ν are in-situ stress, uniform internal (Hoek et al., 1998) . support pressure, tunnel radius, Young's modulus of rock mass and Poisson ratio, respectively.
When pi < pcr, failure occurs and a plastic zone of radius rp is formed around the tunnel. The inward radial plastic displacement uip is then defined by the ground reaction curve between pi = pcr and pi = 0, shown in Figure 5 .
Note that plastic failure of the rock mass surrounding a tunnel does not necessarily mean that the tunnel collapses. The failed material can still have considerable strength provided that the thickness of the plastic zone is small compared with the tunnel radius, the only evidence of failure may be a few fresh cracks and a minor amount of raveling or spalling. On the other hand, when a large plastic zone is formed and when large inward displacements of the tunnel wall occur, the loosening of the failed rock mass can lead to severe spalling and raveling and eventual collapse of an unsupported tunnel (Hoek et al., 1995) .
The radius (rp) and the total radial displacement (uip) of the plastic zone ring are also given by:
Where: rp is the radius of the plastic zone, ro is the theoretical radius of excavation, po is the value of the in-situ stress, pi is the internal support pressure, E is Young's modulus of rock mass, Once the support has been installed and is in full and effective contact with the rock, the support starts to deform elastically as shown in Figure 6 . The maximum elastic displacement which can be accommodated by the support system is usm and the maximum support pressure psm is defined by the yield of the support system.
The factor of safety is simply the ratio of the maximum support pressure psm to the equilibrium pressure peq (the pressure at the intersection point of the ground reaction and support reaction curves).
TOPSIS approach
Yoon and Hwang introduced the TOPSIS (technique for order performance by similarity to ideal solution) method based on the idea that the best alternative should have the shortest distance from an ideal solution (Yoon and Hwang 1980) . They assumed that if each attribute takes a monotonically increasing or decreasing variation, then it is easy to define an ideal solution. Such a solution is composed of all the best attribute values achievable, while the worst solution is composed of all the worst attribute values achievable (Yoon, 1980) . The goal is then to propose a solution which has the shortest distance from the ideal solution in the Euclidean space (from a geometrical point of view). However, it has been argued that such a solution may need to simultaneously have the farthest distance from a negative ideal solution (also called nadir solution) (Zeleny, 1974) .Sometimes, the selected solution (here support system) which has the minimum Euclidean distance from the ideal solution may also have a short distance from the negative ideal solution as compared to other alternatives. The TOPSIS method, by considering both the above distances, tries to choose solutions that are simultaneously close to the ideal solution and far from the negative solution. The procedure of TOPSIS can be expressed in a series of steps (Ataei et al., 2008) :
Establish a decision matrix for the ranking
The structure of the matrix of m alternative with respect to n criteria can be expressed as follows: 
Calculate the normalized decision matrix R (= [ ij r ])
The process is to transform different scales and units among various criteria into common measurable units to allow comparisons across the criteria. The vector normalization technique is used for computing the element ( ij r ) of the normalized decision matrix, which is given as:
Calculate the criteria weighted matrix
We cannot assume that each evaluation criterion is of equal importance because the evaluation criteria have various meanings.
There are many methods that can be employed to elicit criteria weights, such as the weighted evaluation technique (WET), the eigenvector method, weighted least square method, entropy method, AHP, as well as linear programming techniques for multidimension of analysis preference (LINMAP). The selection of method depends on the nature of the problems.
Calculate the weighted normalized decision matrix
A set of criteria weights assessed from the decision maker is accommodated to the normalized decision matrix in this step. The weighted normalized decision matrix can be calculated by multiplying each row of the normalized decision matrix with its associated criterion weight j w . An element of the weighted normalized decision matrix is calculated as: 
Identify positive-ideal solutions (PIS) and negative-ideal solutions (NIS)
Let the PIS and the NIS be defined in terms of the weighted normalized values:
Where J is associated with the benefit criteria and J ′ is associated with the cost criteria.
Calculate separation measures
Separation (distance) between alternatives can be measured by the m-dimensional Euclidean distance. Separation of each alternative from the PIS is then given by: 
Stability analysis
Probabilistic analysis
To analyze the tunnel stability using probabilistic approach, firstly the best fitted distribution to the input parameters given in Table 1 should be obtained. Using @Risk (4.5) statistical software program, the best fitted density distributions to the rock mass properties were achieved, shown in Figure 7 (a), (b), (c), (d), (e) and (f).
Next, some proper support systems were considered. Four models were taken into consideration as alternatives. For each support system the maximum sport pressure (psm) which can be applied by the support to the tunnel and the maximum elastic strain (usm) are known. The description of each model is given in Table 3 .
In order to analyze the all distributions together, a sampling method is used. In any probabilistic method to find the final distribution for the result of analysis, sampling methods are used. In fact the sampling method determines how the statistical input distributions for the random variables which have been defined for a probabilistic analysis, will be sampled. In this approach, Monte Carlo sampling technique is used.
Monte Carlo techniques are commonly applied to a wide variety of problems involving random behavior in geotechnical engineering. The Monte Carlo sampling technique uses random numbers to sample from the input data probability distributions to achieve the result (factor of safety). Using this sampling method, 5000 points were sampled from each parameter distribution and the resulted factor of safety was calculated for each sequence. Then the distribution of safety factor was plotted. Eventually, for each support system the distribution of safety factor and maximum displacement of the tunnel wall were attained. The distributions of factor of safety for each support system are illustrated in Figure 8 
Deterministic analysis
Despite the probabilistic analysis, in deterministic analysis the mean values of input variables are only used.
A unique factor of safety for the excavation was calculated for each support system in the deterministic analysis. The values of factor of safety are given in Table 4 for four Models A, B, C and D.
RESULTS AND DISCUSSION
The characteristics of the supports systems including: probability of failure, factor of safety, cost per meter, applicability and maximum displacement have been given in Table 4 . However the value of safety factor is 1.26 in model A, there is 25.9 % probability of failure. In both Models A and D, it can be seen that the factor of safety are same but the probability of failure are different. In Model B, it can be seen that in spite of having the factor The very important result that should be taken into consideration is that selecting a proper support system and judging about its stability condition should not be Rafiee et al. based on only the unique value of safety factor but all these parameters should be considered rationally to make a practical decision about the supports reliability. Therefore, the selection of support system is a multiattribute decision-making problem.
Selection of proper support system by using TOPSIS approach
In this research the criteria are five parameters including C 1 : probability of failure (using probabilistic method), C 2 : safety factor (using deterministic method), C 3 : cost, C 4 : applicability factor, C 5 : displacement. In TOPSIS method, a set of weights for the attributes (or criteria) is required. Therefore by questioning the enough experienced experts in support system fields, these weights have been determined as 0.3, 0.1, 0.3, 0.2, and 0.1 respectively. The alternatives are four models of support systems A 1 , A 2 , A 3 and A 4 . Thus, the decision matrix of 4 alternatives with respect to 5 criteria is show in Table 5 .
In decision matrices, if any criterion is expressed in a non-numerical way (linguistic criterion), it should be quantified through the appropriate scaling technique. In our decision matrix one of the criteria is linguistic (Applicability of support system). Using Bipolar scaling (very high = 9, high = 7, medium = 5, low = 3 and very low = 1), this criterion is quantified. Then the decision matrix is show in Table 6 . Then the normalized decision matrix (R) is established Table 7 . Next, these performance values are multiplied with the criteria weights calculated from the questionnaire and the weighted normalized decision matrix is calculated Table 8 . The step of defining the ideal solution consists of taking the best values of alternatives and with the similar principle, the negative-ideal solution is obtained by taking the worst values of alternatives Table 9 .
Then separation of each alternative from the PIS, separation of each alternative from the NIS and the relative closeness of each alternative are calculated Table 10 . Subsequently, the alternatives are ranked with respect to their relative closeness to the ideal solution as: A 4 > A 3 >A 1 > A 2 .
Conclusion
Probabilistic calculation and design tools are not at present widely used for tunnel supports. A probabilistic approach, when it is possible to have sufficient data on the quality of the rock mass, leads to a better understanding of the project risks. In this study, a probabilistic analysis procedure was employed using the Monte Carlo simulation for support design in Naien water transporting tunnel. In such tunneling projects always there are two common questions which are addressed:
(1) How to deal with data affected both by imprecision and randomness. (2) How to choose an optimum support system by considering different factors involved in selection procedure.
The probabilistic stability analysis can be an adequate answer to the Question 1. To select the suitable support system with different characteristics, TOPSIS method was used as a multi-attribute decision-making technique. Finally, the results of this study indicated that the deterministic approach of stability analysis should be used associated with probabilistic method to analyze the tunneling projects stability condition and also using such TOPSIS application can assist 
